Abstract Purpose: Comparisons of negative versus positive pressure ventilation have imperfectly matched the pressure-time profile or the lung volume history, or have incompletely applied in vivo negative pressure to include the complete thoracic wall and abdomen. Hypothesis: Negative pressure exerts the same pattern of lung distension as positive pressure when the pressure-time and volume history profiles are identical and the application of negative pressure is over the whole lung. Methods: (1) In isolated (ex vivo) and (2) intact (in vivo) mouse lungs (n = 4/group) (sealed chamber enclosing either the whole lung or whole mouse except for external airway opening), identical and inversetidal, square-wave pressure-time profiles were obtained with positive and negative pressure ventilation. (3) Following an identical volume history, surfactant-depleted rabbits (n = 7) were randomly assigned to sustained, static equivalent positive versus negative pressures. (4) Surfactant-depleted anesthetized rabbits (n = 10) with identical volume histories were randomized to positive versus negative ventilation with identical pressure-time characteristics. Results: Matched positive and negative pressure time profiles in ex vivo and in vivo mice resulted in identical tidal volumes. Identical (negative vs. positive) sustained static pressures resulted in similar PaO 2 and end expiratory lung volumes. Positive and negative ventilation with identical volume histories and pressure time characteristics showed no difference in oxygenation or lung volumes. Historical comparisons suggested better oxygenation with negative pressure when the volume history was not identical. Conclusions: These data do not support major biological differences between negative and positive pressure ventilation when waveforms and lung volume history are matched.
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Introduction
Negative pressure ventilation that is applied to the thorax and abdomen achieves lung inflation by distending the rib cage and abdomen. It contrasts with positive pressure ventilation in which lung distension occurs through increasing pressure in the airways. Transpulmonary pressure (P L ) is the distending pressure across the lung defined by the pressure at the airway opening (Pao) minus pleural pressure; as such, a drop in overall pleural pressure should have the same mechanical impact as an identical rise in airway opening pressure. However, comparisons of negative and positive pressure ventilation have had mixed results in terms of hemodynamics [1] [2] [3] , respiratory mechanics [1] , oxygenation [4] , and on outcome in patients with obstructive lung disease [5] .
Recently Grasso and colleagues [6] reported that negative pressure ventilation resulted in better oxygenation that was associated with increased recruitment of atelectatic lung; these findings were supported by comparisons of dynamic positive versus negative pressure inflations. However, unless the transpulmonary pressure was perfectly matched at each instant in both modes of ventilation, differences in lung distension could have resulted from differences in applied transpulmonary pressures as opposed to intrinsic differences between positive versus negative pressure ventilation.
Comparison of static inflation pressure avoids the difficulties associated with matching dynamic pressures because the transpulmonary pressure resulting from positive versus negative pressure would be the same (i.e., at equilibrium); in addition, under steady-state conditions all respiratory movements (i.e., lungs, pleura, chest wall) will have temporarily ceased.
'Lung volume history' is known to impact the subsequent mechanical characteristics of the lung [7] ; this is incompletely understood, but may involve alterations, such as regional differences in recruitment, surfactant, or tissue matrix, that can exert persistent but non-permanent changes in lung micromechanics and alter the lung response to subsequent inflation pressure.
Application of negative pressure can be either uniform to the chest, abdomen, and limbs (e.g., iron lung [8] ) or partial (e.g., selective application to the chest [9] or to the anterior abdominal wall [10] ). When applied only to the chest (e.g., using a cuirass negative pressure system) pulmonary blood flow is increased during inflation because of flow from the abdomen into the thorax; however, when applied uniformly to the chest and the abdomen, the distending pressure is (almost) instantaneously distributed across all elements of the respiratory system with no such movement of blood into the thorax.
The current study used ex vivo and in vivo experimental lung models (to account for potential impact of chest wall elastance), with and without surfactant depletion, to compare tidal dynamic inflation with positive or negative pressure. In addition, static inflation was compared after establishing identical lung volume history. In all cases, negative pressure was globally applied, i.e., to the whole lung in ex vivo preparations and to the whole body caudal to the neck in in vivo preparations.
Methods
Institutional ethics approval (conforming to the guidelines of the Canadian Council for Animal Care) was obtained for all experiments. The experimental sequences are outlined in Appendix A (supplementary material).
Isolated mouse lungs
Four male C57/BL6 mice (22-28 g; Charles River Labs, St. Constant, Québec, Canada) were anesthetized with ketamine and xylazine (IP), a tracheostomy tube inserted, and ventilation commenced using an isolated mouse lung apparatus (Type 839; Hugo Sachs Elektronik, MarchHugstetten, Germany) where the lungs were ventilated but not perfused in situ but ex vivo [11] . Ventilation utilized a pressure-controlled ventilator (V T 140-160 lL; PEEP 3 cmH 2 O; Plugsys Ventilation Control Module-681, Hugo Sachs Elektronik, March-Hugstetten, Germany). The inspired gas comprised 5% CO 2 , 30% O 2 , and 65% N 2 . The chamber pressure was measured with a differential pressure transducer (MPX, Type 399/2; Hugo Sachs Elektronik, March-Hugstetten, Germany). The V T , as well as inspiratory and expiratory flow rates, was measured using a pneumotachograph and a transducer (Validyne DP45, Very Low Range Differential Pressure Transducer; Validyne Engineering Corp., Northridge, CA) previously described under such experimental conditions [11] . Each mouse was ventilated with positive pressure ventilation followed by negative pressure ventilation or vice versa. All lungs were subjected to inspiratory P L of 7.5, 10, and 15 cmH 2 O (RR 90 per min, FiO 2 0.3, end-expiratory P L 3 cmH 2 O), and V T was measured at each inspiration. Total ventilation time was 10 min.
In vivo mouse, tidal ventilation
Four male C57/BL6 mice were anesthetized, a tracheostomy tube inserted, and ventilation commenced using an isolated mouse lung apparatus (Type 839; Hugo Sachs Elektronik, March-Hugstetten, Germany) in which the mice were ventilated but the chest wall remained intact. Ventilation utilized a pressure-controlled ventilator (V T 140-160 lL; PEEP 3 cmH 2 O). The inspired gas comprised 5% CO 2 , 30% O 2 , and 65% N 2 . The chamber pressure was measured with a differential pressure transducer (MPX, Type 399/2; Hugo Sachs Elektronik, March-Hugstetten, Germany). The V T and flow rates were measured as above. Each mouse was ventilated with positive pressure ventilation followed by negative pressure ventilation or vice versa. All lungs were subjected to inspiratory P L of 7.5, 10, and 15 cmH 2 O (RR 90 per min, FiO 2 0.3, end-expiratory P L 3 cmH 2 O), and V T was measured at each inspiration. Total ventilation time was 10 min.
In vivo rabbit, sustained inflation (surfactant-depleted) Seven New Zealand white rabbits (2.5-3.0 kg; Charles River, QC, Canada) were anesthetized with ketamine and xylazine (IM) and phenobarbital (IV) and a tracheostomy performed [12] . An esophageal catheter was inserted, its position confirmed with the occlusion technique, and baseline (positive pressure) ventilation commenced (V T 9 mL/kg, PEEP 2 cmH 2 O, RR 37, FiO 2 1.0). Surfactant depletion was accomplished with saline lavage, which was repeated until the PaO 2 was below 100 mmHg for longer than 30 min.
The rabbit was placed in the iron lung (Portalung Inc. Colorado, USA) that was sealed and enclosed the whole body below the neck. Each animal was randomized to receive either positive or negative pressure ventilation and was then further randomized to static inflation with each of the following P L : 5, 10, 15, or 20 cmH 2 O (in random order), each for 20 s. At the end of each inflation, an arterial blood gas was drawn, the esophageal pressure recorded, and the difference between end-expiratory lung volume and equilibrium volume measured by exposing the ETT and the negative pressure chamber to atmospheric pressure and permitting passive lung emptying. This exhaled volume was termed EELV, neglecting any small volume of residual gas at equilibrium. Between applications of constant pressure, tidal ventilation was provided (positive pressure, V T 9 mL/kg, PEEP 10 cmH 2 O). After completion of the randomized series of positive (or negative) pressure distensions, the alternative mode (i.e., positive vs. negative) was utilized; then the sequence of P L exposures was again randomized.
To ensure a consistent lung volume history, an identical recruitment maneuver (negative pressure, -20, then -10, and then -5 cmH 2 O, each for 10 s) was applied before each sustained positive pressure or negative pressure distension.
In vivo rabbit, cyclic inflation (surfactant-depleted)
Ten New Zealand white rabbits (2.5-3.0 kg; Charles River; QC, Canada) were anesthetized, instrumented, and surfactant depleted as above. Each animal was randomized to receive either positive or negative ventilation and then received injurious ventilation (12 mL/kg, FiO 2 1.0, end-expiratory pressure (EEP) of 5 cmH 2 O) for 30 min [6] . This (arbitrary) ventilation time period does not produce significant lung injury. EEPs of 4, 6, 8, and 10 cmH 2 O were then established and maintained for 20 min each. After 20 min P L , PaO 2 , and EELV were recorded [6] . The EELV was measured by occluding the endotracheal tube at end-expiration, discontinuing ventilation, releasing the occlusion, and measuring the volume of exhaled gas with a spirometer (Bear Neonatal Volume Monitor NVM1: Bear Medical Systems, Riverside, CA) until flow ceased.
Statistical analysis
Data are expressed as mean ± standard deviation, and analysis used analysis of variance (ANOVA), with post hoc Student-Neuman Keuls testing. Statistical significance was inferred where P \ 0.05, and SigmaStat TM (Version 3.1; Systat Software Inc., San Jose, CA, USA) was used for calculations.
Results

Pressure-time profile, isolated mouse lungs (ex vivo)
Sample inflation pressure profiles were obtained with positive and negative tidal ventilation demonstrating matching of the pressure-time profiles in positive versus negative pressure ventilation (Fig. 1a) ; the two profiles were superimposable (Fig. 1b) . Isolated mouse lungs randomly allocated to dynamic ventilation with matched (see above) positive or negative pressure ventilation (peak pressures 7.5, 10, or 15 cmH 2 O) yielded identical tidal volumes (Fig. 1c) .
Tidal ventilation, intact mouse (in vivo)
Tidal ventilation achieved with pressure ventilation at peak inflation pressures of 7.5, 10, and 15 cmH 2 O resulted in identical tidal volumes whether driven by positive or negative pressure ventilation (Fig. 2) .
Sustained inflation, surfactant-depleted rabbit (in vivo)
This preparation allowed serial measurement of EELV and arterial blood gases in vivo. At applied distending pressures of 5, 10, 15, or 20 cmH 2 O, the relationship between EELV and arterial oxygenation was similar whether inflation was achieved with positive versus negative pressure inflation (Fig. 3) .
Cyclic inflation, surfactant-depleted rabbit (in vivo)
Surfactant-depleted rabbits were used to compare positive versus negative pressure square-wave ventilation in a repeat of previous in vivo studies, but with better matched pressure-time profiles, and the results compared with historical negative ventilation data [6] . Well-matched positive and negative ventilation yielded similar values for PaO 2 at all levels of EELV. However, the historical data [6] with less well matched negative ventilation yielded higher values for PaO 2 (P \ 0.03, ANOVA on ranks) in the mid-range-but not at extremes-of EELV (Fig. 4) .
Discussion
These data demonstrate that ventilation with positive and negative pressure results in similar dynamic and static Where positive and negative pressure ventilation was used to achieve similar in vivo lung volumes, the resultant oxygenation was similar.
Previous reports of positive versus negative pressure ventilation
Some of the current findings stand in contrast to previous reports where negative pressure was associated with less lung injury, improved oxygenation, and preferential recruitment (i.e., more reversal of atelectasis, less expansion of dead space) [6, 13] , but are consistent with studies of in vivo lung injury that reported no difference in net impact of the two modes of ventilation [14] . Some features of study design may explain differences between the earlier [6] and the current data. For example, in the initial report [6] , matching the pressure-time waveform in the positive and the negative pressure experiments was attempted but was limited by equipment performance. However, in the current report, the dynamic ex vivo and murine-very small animal-in vivo (Figs. 1c and 4 , respectively) experiments utilized apparatus with the ability to match identically pressure-time profiles for positive and negative pressure. With positive pressure ventilation, the pressure-time profile reflects a balance between the pattern of inspiratory fresh gas flow entering the circuit (and airways) and the total volume of the apparatus plus the airways. In contrast, with negative pressure ventilation, considerable flows would be required to rapidly evacuate the volume of the chamber (especially in the initial inspiration) to match the flows used with the positive pressure apparatus. In the current experiments, high-performance negative pressure devices allowed superimposable matching of pressure-time profiles (Figs. 1, 2) . Thus the dynamic studies were performed in apparatus with excellent dynamic response characteristics, and therefore a lack of difference in tidal volumes across a series of positive versus negative pressure experiments (where successful matching of the pressuretime profile was accomplished) supports the idea that there is a comparable impact of positive versus negative pressure ventilation.
While matching the pressure-time profile for positive and negative pressure can be challenging for dynamic studies, it is far less so for static conditions. In the previous studies the pressure-time profiles were matched (positive versus negative) under static conditions, yet the oxygenation [6] and CT recruitment characteristics [13] were superior in the setting of negative pressure ventilation, suggesting that additional influences must have affected lung inflation. In this context, the lung volume history may well be important. In the previous studieswhere negative pressure was associated with improved oxygenation-the lung volume history may have differed between the positive and negative pressure strategies. In the current series, all preparations were exposed to identical lung volume history before exposure to static positive or negative pressure distension, and this resulted in identical oxygenation profiles (Fig. 3 ).
Approaches to negative pressure ventilation
Negative pressure ventilation can be applied to the chest wall, the chest and abdominal wall together, or selectively to the abdomen. Application to the chest is usually employed for long-term (e.g., domiciliary) ventilation, and several devices (e.g., cuirass) have been reported [9] . Use of negative pressure ventilation directed to the entire body (except the head and neck) originally involved the iron lung for supportive mechanical ventilation. Cyclic [9] and continuous [15] negative pressure ventilation can be effective for maintaining or supporting ventilation, although usually not in the presence of significant lung injury.
Understanding the anatomical area over which negative pressure is applied may be important. Indeed, negative pressure ventilation has been applied with the aim of selectively recruiting basal atelectasis in a porcine model [16] and in patients with ARDS [10] . Their approach was to apply negative pressure selectively to the anterior abdominal wall, as an adjunct to ongoing (conventional) positive pressure ventilation and while this likely resulted in reduced abdominal pressure, it did not effectively transfer distending pressure into atelectatic lung. It is possible that this approach was ineffective because of the selective application to the upper anterior abdominal wall as opposed to the whole abdomen.
Mechanical ventilation also has important hemodynamic effects. Negative pressure applied only to the chest increases venous return and augments ventricular filling [17] , which in the absence of impaired ventricular function, increases cardiac output; positive pressure ventilation has the opposite effect on venous return, and can reduce cardiac output despite reducing ventricular afterload. Applying negative pressure simultaneously to the chest and the abdomen results in minimal net effect on venous return, as was demonstrated by thermodilution measurements in the in vivo rabbit in a model identical to that used in the current study [6] .
Theoretical comparison: positive versus negative pressure While the 'net' effects of negative and positive pressure are equivalent in terms of transpulmonary pressure generated, there are theoretical reasons for some differences in impact. Within homogeneous lung, the distributions of alveolar pressures are reasonably uniform and thus local stresses and volumes would be determined by transpulmonary pressure at end-exhalation (Fig. 5a ) and at endinspiration. Tidal gas exchange (in moles of gas) would be increased by gas compression during positive pressure but decreased by rarefaction during negative pressure ventilation, resulting in up to 4% greater tidal gas exchange during the former for a given geometrical volume change.
However, within heterogeneous lung, some lung units may communicate with the central airways, whereas other lung units could be non-communicating (e.g., airway occlusion; Fig. 5b, c) . In such a circumstance, positive pressure inflation (Fig. 5b) would be predicted to raise pleural pressure via inflation of communicating alveoli, with the resulting pleural pressure change exerting a compressive effect on the occluded lung unit and reducing its volume. Indeed recent studies of alveolar micromechanics support this concept where fluid filling causes alveoli to shrink and the adjacent (air-filled) alveoli to expand [18] . However, negative pressure inflation (Fig. 5c ) would result in rarefaction-and not compression-of the gas in the occluded lung unit. We have made quantitative estimates of the impact of gas compression/ rarefaction based on theoretical assumptions and have quantified a small effect (\3%) of negative versus positive pressure ventilation on geometric volume of the noncommunicating lung units (see Appendix B (supplementary material)). In the non-communicating lung regions, such a geometrical volume difference has no influence on the tidal exchange of gas or overall gas exchange, although it may contribute to differences in local strains in generating stress. Finally, neither positive nor negative pressure will impact on a non-inflatable atelectatic lung unit.
In summary, there is a theoretical small decrease in volume of an obstructed lung unit during positive pressure inflation (Fig. 5b) , in contrast to a small increase in volume in an obstructed lung unit during negative pressure inflation (Fig. 5c ). See Appendix B (supplementary material) for quantitative estimates.
The critical variable governing these interactions is pleural pressure, which is a function of the relative lung and chest wall compliance. As such, the theoretical differences between negative and positive pressure ventilation are quantitatively small even within heterogeneous, injured lung. However, the degree to which even small regional differences in alveolar pressure could contribute to high local shear forces on the lung is unclear, particularly because in lung injury (e.g., ARDS) the effects are heterogeneous and the geometry is complex.
Limitations
The steady-state measurements employed do not reflect physiologic conditions and were not models of established lung injury. In addition, lung injury in humans, which develops over days, is associated with more complex inhomogeneity than is illustrated here. While the theoretical model addresses parallel heterogeneity it does not address serial heterogeneity, such as the impact of extrathoracic airways. Finally, the current study does not take into account how spontaneous ventilation efforts (that can develop considerable negative pleural pressure) could affect both positive and negative pressure ventilation.
Conclusions
In ex vivo and in vivo experimental lung models, dynamic and static inflation were used to compare positive versus negative pressure ventilation. Where negative pressure was globally applied, i.e., to the whole lung (ex vivo) (or complete chest and abdomen; in vivo) and where both the lung volume history and the pressure-time profiles were matched, we report no differences in the effects of positive versus negative pressure ventilation on lung volumes or oxygenation. We present a theoretical argument applicable to heterogeneous and partially obstructed lungs that could account for very small differences, where ventilation with positive pressure might produce slightly smaller (ca. 3-4%) changes in geometrical volume than with negative pressure. On the basis of the current data, we believe that a simple comparison of clinical outcomes with positive versus negative pressure ventilation is not warranted.
